Hybridization has the potential to generate or homogenize biodiversity and is a particularly common 31 phenomenon in plants, with an estimated 25% of species undergoing inter-specific gene flow. 32 However, hybridization in Amazonia's megadiverse tree flora was assumed to be extremely rare 33 despite extensive sympatry between closely related species, and its role in diversification remains 34 enigmatic because it has not yet been examined empirically. Using members of a dominant 35
Introduction 51
Reproductive isolation is often seen as a prerequisite for speciation and as a defining feature of 52 species (Barraclough 2019; Mayr 1942) . Despite this, hybridization between species is known to 53 occur and has several different outcomes, from the erosion of evolutionary divergence (Kearns et al., 54 2018; Vonlanthen et al., 2012) to the formation of entirely new 'hybrid species' (Mallet 2007) . 55
Neotropical rainforests harbour the highest levels of plant diversity on Earth (Antonelli & Sanmartín 'combinatorial' process is much more rapid than the gradual accumulation of variation through 84 mutation, and the passage of these variants through hybridization often fuels rapid diversification 85 events (Marques, Meier, & Seehausen 2019 ). This has been demonstrated in a wide range of taxa, 86
including sunflowers, African cichlid fish and Darwin's finches (Lamichhaney et al., 2018; Meier et 87 al., 2017; Rieseberg et al., 2003) . 88
Introgression can occur at different rates in different regions of the genome (Payseur 2010) . Regions 89 under divergent selection may remain distinct due to reduced fitness of hybrid genotypes at such loci, 90 resulting in a low rate of introgression. Conversely, regions under little or no selection tend to 91 introgress more freely, becoming homogenised between species. Moreover, if there is selection for 92 hybrid genotypes (as in adaptive introgression), the rate of introgression for a region may be further 93 increased relative to the rest of the genome (Gompert, Parchman, & Buerkle 2012) . Such a process 94 has been demonstrated in temperate-zone tree species, where divergence between hybridizing lineages 95 is maintained through environmentally-driven selection (Hamilton & Aitken 2013; Sullivan et al., 96 2016 ). This explains why species that hybridize can remain as biologically distinct (and 97 taxonomically identifiable) groups despite undergoing genetic exchange with other species (Abbott et 98 al., 2013; Seehausen et al., 2014) . 99
Brownea, a member of the legume family (Fabaceae), is a characteristic tree genus of lowland 100 neotropical rainforests and contains around 27 species distributed across northern South America. 101
Previous work indicates that there is a broad degree of phylogenetic incongruence evident in this 102 genus (Schley et al., 2018) which might indicate hybridization, although this could also result from 103 incomplete lineage sorting. However, there are numerous Brownea hybrids in cultivation (e.g. B. x 104 crawfordii (Crawford & Nelson 1979 ) and B. hybrida (Backer 1911 )), as well as several instances of 105 putative hybridization among Brownea lineages in the wild. The most notable of these instances is 106 that proposed between the range-restricted Brownea jaramilloi (Pérez et al., 2013) and the wide-107 ranging B. grandiceps, which co-occur in the Ecuadorian Amazon (Fig. 1 ). There are multiple 108 morphological distinctions between these two species, including differences in inflorescence colour 109 and structure, growth habit, tree height and leaf morphology (Pérez et al., 2013) . Although they co-110 which form part of the 'Brownea clade' (Fabaceae, subfamily Detarioideae (LPWG, 2017)). The list 136 of accessions and their associated information can be found in Supporting Information Table S1 . 137 DNA sequence data were generated using leaf material collected from herbarium specimens and 138 silica-gel dried accessions. Genomic DNA was extracted using the CTAB method ( to remove adapter sequences and to quality-filter reads. Trimmomatic settings permitted <4 150 mismatches, a palindrome clip threshold of 30 and a simple clip threshold of 6. Bases with a quality 151 score <28 and reads shorter than 36 bases long were removed from the dataset. Following quality-152 filtering, loci were assembled using SPAdes v3.11.1 (Bankevich et al., 2012) Information Methods S1. 163
Gene trees were generated for each of the 226 gene alignments using RAxML v.8.0.26 (Stamatakis 164 2014) with 1,000 rapid bootstrap replicates and the GTRCAT model of nucleotide substitution, which 165 is a parameter-rich model and hence is most suitable for large datasets. Macrolobium colombianum 166 was used to root both the full and single-accession dataset analyses since it was the Macrolobium 167 accession that was present in the most gene alignments. The gene trees from both datasets were used 168 to generate species trees under the multi-species coalescent model in the heuristic version of ASTRAL 169 v.5.6.1 (Zhang et al., 2018) using the default parameters. Monophyly was not enforced for individuals 170 belonging to the same species (the '-a' option in ASTRAL). Finally, discordance between gene trees 171 was calculated and visualised for the full dataset using the Java program PhyParts v0.0.1 (2015) 172 (https://bitbucket.org/blackrim/phyparts). The pattern of incongruence between gene trees for each 173 node was then mapped onto the ASTRAL species tree using the Python script PhyPartsPieCharts v1.0 174 number of hybridization events (h) best describing the data was chosen using negative log 186 pseudolikelihood comparison. Finally, the observed gene tree CFs were compared with those of the 187 best-fit phylogenetic network (i.e., the model including hybridization) and those expected under a 188 coalescent model (i.e., a 'tree-like' model which accounts for incomplete lineage sorting but not 189 hybridization). The fit of the observed gene tree topologies to either the 'network-like' or the 'tree-190 like' model was assessed using the Tree Incongruence Checking in R (TICR) test (Stenz et al., 2015) . 
Population-level introgression 197
Having examined the degree of historical reticulation among Brownea lineages, population genomic 198 data were generated with ddRAD sequencing and used to investigate recent introgression at a finer 199 taxonomic scale. More specifically, the degree of shared genetic variation was visualised for 200 individuals of the ecologically divergent species B. grandiceps and B. jaramilloi, which co-occur in 201 the Ecuadorian Amazon and putatively hybridize in the wild. Following this, in order to make 202 inferences about the potential evolutionary significance of recent introgression, the rates at which 203 different loci introgress relative to the rest of the genome were estimated for these taxa using genomic 204 clines. In order to do this, 171 specimens in total were genotyped using ddRADseq (Peterson et al., 205 2012 representing the relative abundance of each species in the forest plot from which they were sampled. 208
Leaf material was collected from Brownea trees in the Yasuní National Park 50ha forest plot in Napo, 209
Ecuador, and dried in a herbarium press. The sample list is shown in Supporting Information Table  210 S2. 211
Genomic DNA was extracted from dried leaf material with the CTAB method and purified using a 212 QIAGEN plant minikit (QIAGEN, Hilden, Germany) column cleaning stage. Sequencing libraries 213
were prepared by digesting the DNA template using the restriction enzymes EcoRI and mspI (New 214
England BioLabs, Massachusetts, USA), in accordance with the ddRADseq protocol. Samples were 215 then ligated to universal Illumina P2 adapters and barcoded using 48 unique Illumina P1 adapters. 216
Samples were pooled and size-selected to between 375-550 bp using a Pippinprep electrophoresis 217 machine (Sage Science, Massachusetts, USA). Following amplification and multiplexing, sequencing 218 was performed using a single-lane, paired-end 150bp run on the HiSeq 3/4000 platform. 219 DNA sequencing reads from the ddRADseq genotyping were processed de novo (i.e., without the use 220 of a reference genome) using the Stacks pipeline v2.1 (Catchen et al., 2011) . Reads were quality 221 filtered using Stacks by removing reads which were of poor quality (i.e., had a phred score <10), 222 following which 'stacks' of reads were created, and SNPs were identified among all de novo 'loci' posterior probability (PP)), with lower support for inter-specific relationships. ASTRAL inferred a high 276 degree of discordance among gene tree topologies at many nodes (quartet score = 0.52), with multiple 277 alternative bipartitions reconstructed at most nodes. This is evident from the presence of many more 278 conflicting gene trees (numbers below branches) than congruent gene trees (numbers above branches) 279
in Supporting Information Fig. S1 . 280 281
Ancient introgression in Brownea species 282
Phylogenetic networks estimated to ascertain whether diversification in Brownea was tree-like or 283 reticulate pinpointed two hybridization events within the genus (Fig. 3 ). This is indicated by the -log 284 pseudolikelihood values in Supporting Information Fig. S2 , since the number of hybridization events 285 (h) which best describe the data give the largest improvement in -log pseudolikelihood. In Fig. S2 , -286 log pseudolikelihoods increased steadily between h = 0 and h = 2, after which the increasing number 287 of hybridization events only made minimal improvements to -log pseudolikelihood. 288
The inferred phylogenetic network (Fig. 3) showed a broadly similar topology to the species tree in 289 Tree Incongruence Checking in R (TICR) analysis indicated that a network-like model (i.e., one 298 including introgression) best described the patterns of incongruence in the single-accession-per-299 species gene trees inferred during this study. This method suggested an excess of outlier quartets (P= 300 1.240 x 10 -19 , Χ 2 = 91.149), which differed significantly from the CF values expected under a 301 coalescent model describing only incomplete lineage sorting. As such, a tree-like model was able to 302 be rejected as an explanation for the observed relationships between taxa in Brownea, suggesting that 303 hybridization occurred over the course of its evolutionary history and was responsible for the 304 observed incongruence. 305 306
Introgression dynamics across loci 307
Our population genomic analyses revealed a broad degree of shared variation between B. grandiceps 308 and B. jaramilloi, along with a homogeneous distribution of introgression rates among loci. In total, 309 ddRAD sequencing resulted in 640,898,950 reads between 350-550bp in length for 171 individuals. 310
Among these reads, 28,503,796 (4.45%) were discarded due to poor recovery. There was a mean of Table S3 ). The Fst 316 calculated between B. grandiceps/B. "rosada" and B. jaramilloi was 0.111, representing a low degree 317 of fixation, and so a high amount of shared variation. 318
Patterns of shared genetic variation visualised with principal component analysis (PCA) and 319 SPLITSTREE showed a distinct signature of admixture between B. grandiceps and B. jaramilloi. The 320 PCA of SNP variation inferred using the R package ggplot2 (Fig. 4a) The fastSTRUCTURE analysis (Raj et al., 2014) performed to further examine the degree of shared 333 genetic variation indicated that there was a large amount of shared ancestry between the genotyped 334 individuals (Fig. 4b) , with evidence of extensive backcrossing due to the widely differing proportions 335 of ancestry in different individuals. Marginal likelihood comparison indicated that the best value of K 336 (i.e., the number of populations) was two (Δmarginal likelihood = 0.085, Supporting Information Fig. S4A) , 337
which was the value that resulted in the largest increase in marginal likelihood. Since the 'best' value 338 of K is an estimate, fastSTRUCTURE plots generated with other K values are shown in Supporting 339 Information Fig. S4B . Figure 4b shows that most individuals of B. jaramilloi have varying fractions 340 of B. grandiceps ancestry in their genome. In addition, the individuals identified as B. "rosada" appear 341
to have inherited most of their ancestry from B. grandiceps, with only a minimal contribution from B. 342 jaramilloi. The same pattern was recovered from a fastSTRUCTURE run incorporating 40 random 343 individuals from each species, performed to account for any bias which may have been incurred by 344 differences in sample size (Supporting Information Fig. S4C ). 345
The NEWHYBRIDS analysis revealed that most hybrid individuals were the result of continued 346 hybridization, with pure B. grandiceps making up 73.9% of the genotyped population, and pure B. 347 jaramilloi making up 21.9% for the 500 subsampled loci used in this analysis. There were no F1 (first 348 generation) hybrids identified by the subset of loci analysed, and all hybrid individuals were either F2 349 hybrids (0.592%) or had a broad distribution of probabilities across hybrid classes (3.55%), 350 suggesting backcrossing. In the latter, the probability of any one hybrid class did not exceed 90%, 351 which was the threshold used to categorize individuals as belonging to a certain class. 352
The Bayesian estimation of genomic clines (bgc) analysis, which was used to determine whether any 353 loci showed outlying rates of admixture relative to the genome-wide average, recovered a signal of 354 asymmetric introgression, but did not detect any differential rates of introgression between loci. Of were no statistically outlying β parameter estimates). The MCMC runs from which these results were 360 drawn showed adequate mixing (Supporting Information Fig. S5A-C) . 361 362
Discussion

363
Our study represents the first clear case of reticulated evolution among Amazonian trees documented 364 at multiple phylogenetic levels. This contrasts with previous work, which suggested that hybridization 365 is an extremely rare phenomenon in Amazonian trees. We demonstrate that within Brownea, a 366 characteristic Amazonian tree genus, reticulated evolution has occurred over the course of its 367 evolutionary history, with evidence of introgression deep in the history of the genus and more 368 recently, between the closely related B. grandiceps and B. jaramilloi. 369
Introgression has occurred at deep phylogenetic levels in Brownea 371
Phylogenetic network analysis suggested that introgression has taken place between Brownea lineages 372 in the past, with two separate hybridization events inferred (Fig. 3) . The concordance factors obtained 373 from gene trees were not adequately explained by a tree-like model (i.e., one accounting only for 374 incomplete lineage sorting), suggesting that a network-like model (i.e., one including introgression) 375 best describes the diversification patterns within Brownea (P= 1.240 x 10 -19 , Χ 2 = 91.149). 376
Hybridization mainly occurs between individuals which are geographically overlapping, or have been 377 so at some point in the past (Burbrink & Gehara 2018) . Our findings are thus corroborated by the fact 378 that both historical introgression events were between taxa that co-occur (e.g., B. grandiceps, B. 379 leucantha and B. birschelli on the Northern coast of Venezuela, and B. coccinea, B. santanderensis 380 and B. enricii within the Colombian cordilleras). This is also in agreement with previous work (Schley 381 et al., 2018) , which indicated that the 'stem' lineages within Brownea shared a broad distribution 382 across northern South America, which may have further facilitated earlier hybridization. Our study 383 also recovered a low degree of support for bifurcating inter-specific relationships (Fig. 2) and a high 384 degree of incongruence among gene trees (Supporting Information Fig. S1 ). These results can be 385 partially explained by introgression, rather than being caused purely by the stochasticity of lineage 386 sorting in large populations, which is suggested to be a common phenomenon in many rainforest trees 387 with large population sizes (Pennington & Lavin 2016 Since the inferred events of ancient introgression both involved the common ancestors of two sets of 395 present-day species, they are likely to have occurred several million years in the past, before the divergence of the descendent species. The inferred introgression events are likely to have occurred 397 since the Miocene period (~23Ma), as date estimates from previous work suggest that Brownea 398 originated around this time (Schley et al., 2018) . Accordingly, it is unlikely that the inferred 399 hybridization events are due to 'accidental' hybridization between co-occurring species, merely 400 producing maladapted F1 hybrids which will eventually be outcompeted, fortifying the boundaries 401 between species (i.e. 'reinforcement' (Hopkins 2013) ). Rather, our results suggest a persistence of 402 introgression over evolutionary time within Brownea. 403 404
Recent hybridization also occurs between Brownea species, resulting in persistent hybrids and 405 introgression across the genome 406
This investigation also uncovered a substantial signal of recent introgression between B. grandiceps 407 and B. jaramilloi in the Yasuní National Park 50ha plot located in the Ecuadorian Amazon. The low 408
Fst estimate for the B. grandiceps/B. "rosada" and B. jaramilloi populations (0.11), in addition to the 409 principal component analysis (Fig. 4a) , the fastSTRUCTURE analysis ( Fig. 4b ) and the SPLITSTREE 410 plot (Supporting Information Fig. S3 ) indicated a high degree of shared variation between these 411 lineages. All these approaches show that individuals cluster into two main groups, largely 412 representing B. grandiceps and B. jaramilloi, as well as a set of individuals forming an intergradation 413 between the two main clusters. The individuals which form a part of this intergradation were mostly 414 identified as B. jaramilloi, although hybrid individuals are also observed in the B. grandiceps cluster. 415
The higher number of variant sites and the higher nucleotide diversity (π) recovered for B. jaramilloi 416 (Supporting Information Table S3 ) could also reflect the hybrid ancestry of many individuals 417 identified as this species. A similar introgression-driven increase in nucleotide diversity has been 418 shown in closely-related species of Mimulus which undergo asymmetric introgression (Sweigart & 419 Willis 2003). In addition, B. jaramilloi and B. grandiceps showed evidence of multi-generational 420 backcrossing in both the fastSTRUCTURE and NEWHYBRIDS analyses, further suggesting that 421 hybridization does not always result in reinforcement and that hybrids persist over time. 422
The bgc analysis indicated that most introgression was asymmetric, with more loci containing mostly 423 B. grandiceps alleles (5.96% of all loci) than loci containing mostly B. jaramilloi alleles (1.3% of all 424 loci). Importantly, this bgc analysis also indicated that gene flow occurs largely at the same rate 425 across loci, since there were no outlying estimates of the β parameter. The excess of B. grandiceps 426 ancestry mirrors the asymmetry of introgression suggested by Fig. 4b and is likely driven by the 427 uneven population sizes of the two species. Brownea jaramilloi has only ever been observed in a 428 small part of the western Amazon (Pérez et al., 2013) and is much less populous than B. grandiceps, 429 which occurs across northern South America. More specifically, the disproportionate donation of 430 alleles from B. grandiceps may be due to 'pollen swamping', whereby pollen transfer from another, 431 more populous species is more likely than pollen transfer from less numerous conspecifics (Buggs & 432 Pannell 2006) . Pollen swamping can serve as a mechanism of invasion (e.g., in Quercus (Petit et al., 433 2004)), and the associated asymmetric introgression may lead to the extinction of the rarer species, 434 especially when hybrids are inviable or sterile (Balao et al., 2015) . However, due to the ongoing 435 backcrossing and introgression evident between B. grandiceps and B. jaramilloi it appears that 436 hybrids are not always sterile, or at least that 'foreign' alleles are not always subject to strong 437 purifying selection. The best evidence of this is the absence of loci with extreme values of the β 438 parameter recovered by our bgc analysis. Extreme deviations in β are mainly expected in the presence 439 of gene flow when selection against hybrids is strong, resulting in underdominance and a paucity of 440 heterozygous sites (Gompert et al., 2012) . As such, our inferred lack of outlying β values suggests 441 persistence of hybrid genotypes. 442
Further to this, the observed asymmetry in introgression could be caused by selection favouring 443 hybrid genotypes. The transfer of genomic regions which confer a selective advantage from a donor to 444 a recipient species (i.e. adaptive introgression) can result in a disproportionate amount of one species' 445 genome being present in hybrid individuals (Yang et al., 2018) . This occurs when viable hybrids only 446 tend to backcross with one of the parental species, thereby introducing the other species' genetic 447 material into the first in an asymmetrical fashion. Selection has been suggested as a driver for 448 asymmetric introgression in multiple plant genera, including Helianthus (Scascitelli et al., 2010) and 449
Iris (Arnold et al., 2010) . Accordingly, it is possible that selectively advantageous alleles are passing 450 between species (e.g., between B. jaramilloi and B. grandiceps) through backcrossing events over 451 many generations as observed by the fastSTRUCTURE and NEWHYBRIDS analyses in this study 452 (Mallet 2005) . This may facilitate adaptation to new niches due to the widening of the pool of 453 variation upon which selection can act (e.g. Whitney et al., 2010) . However, it is difficult to ascertain 454 whether adaptive introgression has occurred without measuring the impact of introgression on 455 variation in the phenotype and its fitness effects . 456 457
The contribution of hybridization to neotropical rainforest tree diversity 458
Studies such as ours that document persistent hybridization across evolutionary time between tree 459 species within Amazonia, and within tropical rainforests in general, are rare. Indeed, it was previously 460 suggested that inter-specific hybrids between rainforest tree species are poor competitors, and that 461 fertile hybrid populations are nearly non-existent (Ashton 1969) . While there is some evidence of 462 introgression in tropical trees (Scotti-Saintagne et al., 2013), most available studies substantiating this 463 are based on trees from other tropical regions or habitats (e.g., Shorea in Asia (Kamiya et al., 2011; 464 Kenzo et al., 2019) , or Rhizophora in Indo-Pacific mangroves (Lo 2010) ). Many of these other 465 instances appear to occur only in degraded habitats, or involve infertile first-generation hybrids with 466 minimal backcrossing, which contrasts with the findings of our study. Within Brownea we uncovered 467 introgression across taxonomic, spatial and temporal scales, with evidence of backcrossing and the 468 persistence of hybrid genotypes. 469
It is possible that a lack of selection against hybrids allows the passage of variation between Brownea 470 species, which may persist over evolutionary time and could explain why we found evidence of 471 introgression at both macroevolutionary and microevolutionary scales. This is congruent with a 472 'syngameon' model, where large, disparate populations of individuals belonging to multiple 473 interfertile species occasionally hybridize and exchange genetic variants. This can aid in the 474 maintenance of genetic diversity in species which exist in very low population densities, as is typical 475 of tropical rainforest trees, thereby preventing Allee effects. This has been shown in temperate tree 476 species (Cronk & Suarez-Gonzalez 2018), although it typically occurs at the edge of species ranges 477 and its prevalence in hyperdiverse systems such as tropical rainforests is a topic of recent debate (e.g. 478
Cannon & Lerdau 2019). Furthermore, while the passage of adaptive variation between syngameons 479 of closely related species can seed rapid, speciose radiations in other taxa (Marques et al., 2019; 480 Meier et al., 2017) , whether this occurs between tree species in neotropical rainforest remains a key 481 knowledge gap. 482
While it is difficult to determine whether hybridization between tree species occurs across many 483 syngameons of closely related Amazonian lineages, or whether it is a tendency unique to certain 484 genera such as Brownea, it may be prudent to review how relationships among tropical tree lineages 485 are inferred. Accordingly, the use of phylogenetic networks in resolving the relationships between 486 such groups may provide additional insight into whether reticulate evolution has contributed to 487 diversification within Amazonian rainforest, which is among the most species-rich environments on 488 Fumagalli for comments on analytical methods, and to Peter Raven and Benjamin Torke for their 500 comments on the rarity of hybridization in tropical trees. 
